The detection of single nuclear spins would be useful for fields ranging from basic science to quantum information technology. However, although sensing based on diamond defects 1,2 and other methods 3 have shown high sensitivity 1-3 , they have not been capable of detecting single nuclear spins, and defectbased techniques further require strong defect-spin coupling 4, 5 . Here, we present the detection and identification of single and remote 13 C nuclear spins embedded in nuclear spin baths surrounding a single electron spin of a nitrogenvacancy centre in diamond. We are able to amplify and detect the weak magnetic field noise (∼10 nT) from a single nuclear spin located ∼3 nm from the centre using dynamical decoupling control 6-10 , and achieve a detectable hyperfine coupling strength as weak as ∼300 Hz. We also confirm the quantum nature of the coupling, and measure the spin-defect distance and the vector components of the nuclear field. The technique marks a step towards imaging, detecting and controlling nuclear spins in single molecules.
1 * and Jörg Wrachtrup 1 The detection of single nuclear spins would be useful for fields ranging from basic science to quantum information technology. However, although sensing based on diamond defects 1,2 and other methods 3 have shown high sensitivity 1-3 , they have not been capable of detecting single nuclear spins, and defectbased techniques further require strong defect-spin coupling 4, 5 . Here, we present the detection and identification of single and remote 13 C nuclear spins embedded in nuclear spin baths surrounding a single electron spin of a nitrogenvacancy centre in diamond. We are able to amplify and detect the weak magnetic field noise (∼10 nT) from a single nuclear spin located ∼3 nm from the centre using dynamical decoupling control [6] [7] [8] [9] [10] , and achieve a detectable hyperfine coupling strength as weak as ∼300 Hz. We also confirm the quantum nature of the coupling, and measure the spin-defect distance and the vector components of the nuclear field. The technique marks a step towards imaging, detecting and controlling nuclear spins in single molecules.
By continuously improving the sensitivity and spatial resolution of magnetic resonance imaging techniques, it has become possible to detect single electron spins 3 or small ensembles of nuclear spins 11 . A further increase in sensitivity would allow for the detection of single nuclear spins 12, 13 , which would have an unprecedented impact on structural analysis in applications ranging from life sciences to materials research. Furthermore, nuclear spins are valuable as resources for quantum registers, particularly in relation to diamond defects 4, 14, 15 . The ability to detect remote nuclear magnetic fields and isolate them from surrounding noise fields are key requirements in both structural analysis and quantum information processing.
The detection of single nuclear spins remains challenging because of their extremely weak signals in comparison with the background noise. At present, it is only possible to detect nuclear spins that are strongly coupled to diamond defect sensor electrons 4, 5 . This strong coupling requirement significantly limits the detection range of single nuclear spins, and reduces the possibility of imaging external nuclear spin as well as using them, for example, in quantum memories. The situation would be greatly improved if we could detect single nuclear spins far away from and weakly coupled to diamond defects. Usually, the signal of weakly coupled nuclear spins is easily drowned in background fields, leading to a reduced sensor spin dephasing time T 2 * (ref. 5) and therefore lower sensitivity. In this work, we overcome this T 2 * limitation and demonstrate the detection of remote, weakly coupled single nuclear spins by averaging out background noises via dynamical decoupling control over the sensor electron spin while retaining sensitivity to specific nuclear magnetic fields via coherent resonance 12 . As a sensor spin we use the electronic spin of a single nitrogenvacancy (NV) centre in an isotope-purified diamond chemical vapour deposited (CVD) sample ( 12 C abundance . 99.99%; see Fig. 1 for the structure of the NV centre and a schematic illustration of the nuclear spin bath). In this sample, the typical distance of the nearest 13 C nuclear spin to the NV centre is 3 nm. At such distances, single nuclear spins have weak couplings ( 1 kHz) to the centre electron spin. Because the detected nuclear spin is embedded in a nuclear spin bath, which produces background noise, the transition frequency change of the centre spin due to small hyperfine coupling cannot be observed straightforwardly, for example by free induction decay (FID) or a Ramsey fringe experiment. Figure 1b presents typical FID of NV centre spin coherence in the thermal noise of 13 C bath spins (see Supplementary Fig. S2 for details). The coherence decays within a dephasing time of T 2 * ≈ 200 ms, which limits the sensitivity to nuclear spin couplings to less than 5 kHz. To overcome the T 2 * limit, and to distinguish a weak single nuclear spin signal from the background noise, we need a tool that simultaneously provides high sensitivity to weak signals and the ability to filter out background noise.
Dynamical decoupling control 6 of electron spins is ideal in that it meets both requirements 12 . In particular, the widely used CarrPurcell-Meiboom-Gill (CPMG) control sequence (see Fig. 1c for the pulse sequence of CPMG) [8] [9] [10] selectively amplifies the signal at a specific frequency, while suppressing unwanted background noise 12 . With its unique features, this CPMG control sequence has enabled noise spectra of single quantum objects such as superconducting qubits 16 and trapped atoms 17 to be obtained successfully. In these earlier works, the detected noise spectra are structureless, in sharp contrast to the nuclear spin bath. The dynamics of single nuclear spins surrounding the NV sensor spin give rise to peak structures in the magnetic field noise spectrum 12 . We use CPMG control of the electron spin to resolve this fine structure and to isolate single nuclear spin signals from the bath.
The decoherence behaviour L(t) of a qubit under dynamical decoupling control is essentially determined by the noise spectrum
where F(vt) is the filter function associated with the control pulse scheme (see Fig. 1d for the filter function of a CPMG sequence). In our sample, the electron spin coherence time of the centre is T 2 ≈ 3.0 ms under Hahn echo control, which is mainly limited by the spin-lattice relaxation (T 1 process) and the residual noise from the electron spin bath 8 . By increasing the CPMG control pulse number, electron spin coherence is well protected with a plateau in L(t) for t , 1 ms (ref. 19 ).
Nuclear spins around the NV centre bring additional structures to the smooth noise spectrum. The precession of nuclear spins produces a peak in the spectrum centred at the nuclear spin Larmor frequency 2pf L ¼ g nuc B, where g nuc is the nuclear spin gyromagnetic ratio. This peak structure presents itself as a coherence dip according to equation (1) . (1) give rise to coherence dips at
The dependence of the dip position on dip order k, control pulse number N and magnetic field strength B is shown in Fig. 2d , which allows us to determine the gyromagnetic ratio
We can therefore identify the origin of the coherence dips as the precession of 13 C nuclear spins. Furthermore, the depths of the coherence dips reveal the hyperfine coupling strength of the nuclear spins. Notice that the integral x(t) in equation (1) 
2 , where A j ⊥ is the orthogonal component of the hyperfine coupling A j of the jth nuclear spin 12 . With x(t) ≈ 1, in the present case, we estimate the hyperfine coupling amplitude A j ⊥ ≈ |A j | ≈ B/N ≈ 1 kHz, which is consistent with the average distance of a 13 C nucleus at 0.01% abundance.
Two qualitatively distinct mechanisms can cause coherence dips similar to those shown in Fig. 2 : a classical mechanism or a quantum mechanism [20] [21] [22] . On the one hand, a large number of incoherent 13 C nuclear spins could behave like a randomly generated classical a.c. magnetic field 23 , which induces coherence dips as described by equation (1) . On the other hand, coherent coupling to single nuclear spins can also produce electron spin coherence modulation 4, 12 , which is a quantum mechanism because the quantum phase of the nuclear spin is well preserved in the process. In the following, we will rule out the classical mechanism and identify quantum coherent coupling of single nuclear spins as the leading mechanism.
Increasing the CPMG control pulse number yields additional information about the nuclear spin bath. Figure 3a shows the coherence dips of NV-B under CPMG controls with different pulse numbers N ¼ 30 and N ¼ 60. As expected from classical theory (see equation (1) and the filter function of CPMG), the depth of the dip increases upon increasing the pulse number N. However, the dips become negative for N ¼ 60 (Fig. 3a) . This is in strong contradiction to equation (1), in which the coherence is always ≥0. The negative dips in Figs 3 and 4 , however, are well explained by the quantum mechanism. In the quantum decoherence picture, coherent coupling between electron and nuclear spins creates entanglement, and electron spin coherence is measured by the overlap between the two different nuclear spin states as 24, 25 
where |J 0, + (t)l is the nuclear spin state at time t depending on the centre electron spin state, |m S ¼ 0l or |m S ¼+1l. This quantum entanglement-induced decoherence is bounded between 21 and 1 (Fig. 3a) . The quantum nature of the coherence dip is also proved by the quantum back-action effect [20] [21] [22] . Whether the noise dynamics is affected by the qubit state is an important criterion to distinguish the quantum or classical nature of the bath [20] [21] [22] . In addition to external controls (such as the applied magnetic fields), the quantum evolution of bath spins is also influenced by the centre spin states (that is, the back-action), and results in different decoherence behaviour for the centre spin in different states. In contrast, decoherence due to classical noise is not sensitive to the centre spin state. We used the coherence of the two electron spin transitions (that is, |m S ¼ 0l ↔ |m S ¼+1l) to check the quantum back-action effect. Figure 3a ,b shows the coherence dips of NV-A and NV-B for both transitions. The coherence dips of the two transitions appear at different times, with a clear shift between the two transitions. The magnitude of the shift increases linearly upon increasing the pulse number N or the dip order k, as summarized in Fig. 3d .
The relative shift of the coherence dips for |m S ¼ 0l ↔ |m S ¼+1l transitions is explained by the modified Larmor frequency due to the quantum back-action. To be specific, the backaction to 13 C nuclear spin I j is given by the effective hyperfine field A j . For the NV centre electron spin prepared in the superposition of |m S ¼ 0l and |m S ¼ þ1l states, the intrinsic Larmor frequency of spin I j is shifted due to the hyperfine field component A j z (the component parallel to the external field B). Meanwhile, for the NV centre electron spin in |m S ¼ 0l and |m S ¼ 21l superposition states, the Larmor frequency is modified by the same amplitude but with an opposite sign. The different effective Larmor frequencies therefore cause the different coherence dip positions resolved in the CPMG measurements.
With this observation, we can obtain the parallel hyperfine field component A j z from the dip position shifts. In our experiments, the relative change of Larmor frequency due to quantum back-action is small (that is, |A j z | ≪ g C B). In this case, the dip position shift is
)t dip , where t dip is determined solely by the applied magnetic field (see equation (2)). The parallel component A j z is extracted from dt dip as shown in Fig. 3d . Furthermore, the orthogonal component A j ⊥ determines the depth of the dip, the value of which can be obtained by fitting the data with equation (3) . Using this method, the hyperfine coupling strength can be determined.
With the quantum nature of coherence dips understood, we can resolve more clearly the microscopic structure of the nuclear spin bath. Figure 4a -f shows the coherence dip structures of NV-A. When increasing the pulse number, we observe dip splitting (in contrast to the single sharp dip shown in Fig. 3a) . Such splitting is caused by simultaneous coherent coupling to two 13 C nuclear spins in the spin bath. With a two-nuclear-spin model, the observed data are reproduced perfectly by theory. The hyperfine coupling strengths for the two 13 C spins are obtained from the model as |A 1 | ¼ 2.9 kHz and |A 2 | ¼ 3.3 kHz, respectively. Thus, a difference in hyperfine coupling as small as 400 Hz is resolved. By changing the direction of the applied magnetic field B, we can obtain hyperfine field projections along different directions. In this way, the complete hyperfine vector of the single nuclear spins and hence the precise position of the nuclear spin can be determined (see Supplementary Information, last section, for details).
The sensitivity is limited by the centre electron spin coherence time T 2 under dynamical decoupling. Making full use of the long T 2 time of 3 ms, we have successfully observed the coherence dip structure at t dip ¼ 2.8 ms with CPMG-70 (Fig. 4g ). Similar to the case shown in Fig. 4a -f, this dip structure is caused by two single 13 C nuclear spins with coupling strengths of 500 Hz and 300 Hz, respectively, corresponding to a distance of 3.5 nm from the NV centre. This detection distance of our method is typically the average distance D aver of the nearest 13 C nuclear spin with given isotope abundance. In this case, the detection of nuclear spins is achieved with probability close to unity. The success of detecting single nuclear spins by T 2 *-limited schemes is probabilistic, because the distance of target nuclear spins must be much smaller than D aver . For the same reason, the weakest coupling strength for which the nuclear spin can be detected is improved by several orders of magnitude 5, 26 .
In summary, we have demonstrated ultrasensitive detection of quantum fluctuation from remote single nuclear spins. We have overcome the T 2 * limit of conventional detection schemes, have achieved the detection of single nuclear spins with coupling strengths as weak as 300 Hz, corresponding to a distance of 3.5 nm, and are able to resolve two nuclear spins differing in hyperfine coupling by only 400 Hz. Recent investigations [27] [28] [29] [30] have shown that, with well-designed preparation conditions, shallow NV centres with distances from the diamond surface of several nanometres could have similar coherence times to NV centres in bulk. With this observation, this work provides a first proof-of-principle demonstration of the detection of single nuclear spins at such a distance, and could be the first step towards the detection of single external nuclear spins on a diamond surface. The identification of single nuclear spins at a distance on the scale of nanometres thus opens the door to single nuclear spin magnetic resonance and imaging 12 . We note that our detection scheme for single nuclear spins is a fully quantum-mechanical effect, which can be combined with sophisticated nuclear spin control techniques that are well known from NMR. Our work also extends the number of quantum spin qubits around a diamond electron spin qubit, and hence may promote further investigation into using single weakly coupled nuclear spins as quantum registers in the field of quantum information processing.
Methods

13
C purified diamond sample. All experiments were performed on naturally occurring NV centres several micrometres below the surface of a 99.99% 12 C CVD diamond sample. The 12 C layer was homoepitaxially grown, using isotopically enriched gases, on a {100} surface that was prepared to minimize defects nucleated at the substrate-CVD interface. Ensemble electron paramagnetic resonance (EPR) measurements on samples grown using the same process indicate that the bulk single substitutional nitrogen concentration was ,5 ppb.
Coherence measurements. The microscope head was enclosed in triple mu-metal shielding. Environment temperature drift was eliminated by using the double quantum transition with a p-t-p measurement sequence. The single quantum transition coherence time follows as T* 2,SQT ¼ 2T* 2,DQT (see Supplementary Fig. S2 for details).
CPMG measurements were performed using selective excitation on the |m I ¼ 0l 14 N nuclear spin sublevel. Excitation of the other nuclear spin states was suppressed by carefully tuning the driving Rabi frequency to p-4p excitation on the central and side peaks, respectively. The smooth fluorescence background decay due to relaxation of the off-resonant spin states was modelled with single exponentials and subtracted from the data.
Note added in proof: During finalizing of this manuscript, we became aware of two similar investigations 31, 32 .
